We have examined the relationship between cerebral blood volume (CBV) and electrophysiology over primary somatosensory cortex (S-I) in the rat. We did this by comparing the spatial characteristics and time course of activity-related changes in plasma fluorescence, intrin sic optical reflectance signals, and single unit electro physiology in S-I to identical stimuli. S-Is of urethane anesthetized male Sprague-Dawley rats were exposed, and fluorescent Texas Red dextran dye (MW 70,000) was administered intravenously. Subsequently, foredigit elec troshock or vibrissal deflection was associated with fluo rescence increases over contralateral forelimb or postero medial barrel subfield cortex. Fluorescence was delayed and prolonged, indicating that CB V increases at 1-1.5 s and peaks 2-2.5 s after the onset of stimulation in both regions. When stimulus intensity was adjusted to produce barely detectable fluorescence foci (10% above back ground), significant electrophysiologic spiking was seen. At these parameters, fluorescence change overlay areas
Cerebral metabolic activity and vascular perfu sion are functionally linked. Regional increases in perfusion have been used to map cerebral activation (Phelps and Mazziotta, 1985) , and the characteriza tion of that functional perfusion has provided in sights into cerebral metabolism and neurovascular relationships. Positron emission tomography perfu sion studies have demonstrated the physiological uncoupling between oxygen supply and metabolic of increased cortical layer III cell firing on single unit recordings. However, surface boundaries of the smallest observable fluorescence foci at their peak spatial extents consistently overspilled electrophysiologic center recep tive fields. Corresponding intrinsic optical reflectance de creases were seen at 610 and 850 nm, exhibiting similar timing and colocalizing closely with fluorescence increase at both wavelengths after identical stimuli. These signals similarly overspilled electrophysiologic activity. Thus, we observed delayed increases in vascular fluorescence (related to CBV) over activated cortex. The smallest de tectable fluorescence changes overspilled the center re ceptive field boundaries and were associated with appre ciable electrophysiologic firing. In addition, the striking spatial and temporal similarity between intrinsic optical reflectance and fluorescence activity suggests that changes in intrinsic cortical reflectance are strongly re lated to changes in CBV. Key Words: Cerebral blood vol ume-Electrophysiology-Somatosensory cortex.
oxygen usage Fox et ai., 1986) , as well as providing evidence for a human visual area V5 (Watson et ai., 1993) . However, the spatial and temporal relationships between rapid and transient neuronal activation and its vascular response remain unclear (Lou et ai. , 1987) . This study focuses on these events in the forelimb (FL) and posteromedial barrel subfield (PMBSF) cortex regions of rat primary somatosensory cortex (S-l).
Evidence for neurovascular coupling comes from a variety of studies. Cerebral metabolism parallels afferent synaptic activity rather than simply cell body density (Sokoloff et ai., 1977; Collins et ai., 1986; Santori et ai., 1986) , which is in turn related to anatomic capillary density, especially in gray mat ter (Borowsky and Collins, 1989; Wang et ai., 1992) . Other aspects of cortical vascular anatomy also have been shown to relate to function (Bar, 1981; Dirnagl et aI., 1991; Theilen and Kuschinsky, 1992) . In addition, the association between metabolic ac tivity and functional increases in perfusion Phelps and Mazziotta, 1985) is weJl established. Nevertheless, it is stiJl unclear how functional perfusion is influenced by these different neuronal and vascular anatomic frameworks.
Functional changes in perfusion may be evi denced in several ways. Cerebral blood volume (CBV) may increase via volumetric expansion in vessels already perfused (vasodilatation) (Ngai et a!., 1988) or by increasing the proportion of vessels actuaJly perfused (recruitment) (Shockley and La Manna, 1988) . CBF, on the other hand, measures dynamic alterations in the delivery of blood to a certain mass of brain in unit time. Rapid changes in CBF have been measured in the rat using Doppler flowmetry (Lindauer et a!., 1993) , hydrogen clear ance (Dowling et a!., 1993) , and videomicroscopy of erythrocytic flow (Cox et aI., 1993) . Temporally in tegrated measurements of CBF, however, have been made with iodoamphetamine or iodoantipy rine autoradiography (Ringel et aI., 199 1) or H2 15 0 positron emission tomography studies in humans (Phelps and Mazziotta, 1985) . Vasodilatation has been determined videomicroscopicaJly (Ngai et a!., 1988) and increased CBV from hemoglobin spectro photometry (Jobsis, 1977; LaManna et aI., 1987) , while recruitment has been demonstrated in hypox ia (Shockley and LaManna, 1988) and after stimu lation (Bereczki et aI., 1993) . However, recruitment studies such as temporaJly integrative autoradio graphic experiments have been unable to confirm the delayed time scales of CBF and vasodilatation. Furthermore, none of these studies have precisely localized or spatiaJly correlated functional vascular response relative to electrophysiologic activity. The relative contributions of increased CBF, vasodila tation, or capillary recruitment (together compris ing CBV) (Bereczki et a!., 1993) to functional vas cular response also remain to be addressed .
This study set out to examine the spatial speci ficity and timing of dynamic functional CBV in creases over rat FL and PMBSF in response to forepaw electroshock and vibrissal deflection. Ex periments were designed to compare plasma confined dye fluorescence (indicating CBV) and in trinsic optical reflectance signals with precise elec trophysiology. Though considered to indicate aspects of vascular response (Frostig et a!., 1990; Narayan et aI., 1994a) , some evidence maintains a neuroglial basis for optical intrinsic signals (Ha glund et a!., 1992). By interleaving fluorescence maps, reflectance signals, and single unit recordings after identical stimulation, we also set out to iden tify relationships between signals, CBV, and neu ronal firing.
MATERIALS AND METHODS

Animal preparation
Eight male Sprague-Dawley rats (250-350 g) received dexamethasone 2 mg/kg i.m. as prophylaxis against sur gical cerebral edema. The next day, anesthesia was in duced with halothane, then maintained with intravenous urethane at Guedel stage 111-2 sedation (moderate foot pinch withdrawal) (Friedberg et aI., 1995) . Subjects were stereotaxically mounted in the flat skull position (Paxinos and Watson, 1986) and their crania exposed. After bony landmarks were identified with PM. BSF or forelimb re gions marked, a prefabricated brass well was fixed to the skull on the right side and a 7-mm diameter craniectomy performed with a dental drill. Subjects were divided into two stimulation groups. (a) Vibrissal group: Selected left sided mystacial vibrissae were left intact; the rest were clipped close to the skin. Craniectomies were centered 2.4 mm posterior and 5.5 mm lateral to bregma. (b) Fore limb group: Forepaw digit 5 was impaled with two 27Y2gauge needle electrodes (stimulating and indifferent), and the craniectomy was centered I mm anterior and 4 mm lateral to bregma (Chapin and Lin, 1984) . The vibrissal group included five subjects, the forelimb group three. In both cases, the dura was reflected wi , th a dural reflector (Fine Science Tools) and forceps. Any subjects sustaining visible cortical trauma during preparation were excluded from study. Wells were then rinsed and filled with artifi cial CSF (0.125 M NaC!, 3 x 10-3 M KCI, 2 x 10-2 M CaC1 2 ,2 x 10-2 M MgCI 2 , 2.6 X 10-2 M NaHC0 3 , 1.25
x 10-3 M NaH 2 P04, and 10-2 M glucose; pH 7.3-7.4) and sealed with glass. Cross-hairs were placed as stereo taxic fiducials.
Imaging setup
Subjects were placed in stereotaxy on the stage of a Leica Ortholux II microscope, and the cortex was illumi nated with fiber optic guides. The exposed cortical field was imaged with a slow scan charge-coupled device (CCD) camera (series 200; Photometrics, Tucson, AZ, U.S.A.) mounted atop the microscope. Objectives with magnifications of 2.5 and I x provided a spatial resolution of 31 or 77 !Lm, respectively. Two voltage-stabilized white light sources were used through fiber optic illumi nators. For fluorescence imaging we used an intense (color temperature 6,000 K) metal halide lamp (Luminous 250; Progressive Dynamics), while intrinsic optical reflec tance signals were measured with a tungsten halogen source (model 1-150; Cuda Corp.). A variety of optical transmission filters were used. Fluorescence imaging was performed by illuminating the cortex at 578 nm, then im aging emission from the cortex at 660 nm (Omega Optical, Brattleboro, VT, U.S.A.). Reflectance imaging consisted of epi-illumination with unfiltered (white) light and image acquisition through transmission filters at 610 (600-620) nm and 850 (830-870) nm (Corion Corp., Holliston, MA, U.S.A.). A heating pad was used to maintain core tem perature at 37°C. Peripheral vibrissal deflection was ef fected using a mechanical motorized device driven by an electrostimulator (model S88; Grass Instruments, Quincy, MA, U.S.A.), synchronized to image acquisition controlled from in-house personal computer (PC) soft ware.
Optical imaging
Experiments were designed to produce the smallest detectable, reproducible changes in plasma fluorescence and optical reflectance. Trials were therefore based around acquiring CCD images of fluorescence or reflec tance from cortex before, during, and after forelimb elec troshock or vibrissal deflection of progressively diminish ing magnitude. We followed identical protocols for fluorescence and reflectance imaging experiments. Re flectance imaging was performed first.
Reflectance mapping. The cortex was epi-illuminated with white light, and images were acquired at 610 and 850 nm. For interleaved reflectance measurements after flu orescence imaging, transmission filters were placed at the light guides to epi-illuminate the cortex at wavelengths outside the 560-to 615-nm dye excitation spectrum. This excluded contributions from dye fluorescence that would otherwise result if white light were used for epi illumination (Omega Optical). In these cases we con firmed the absence of dye excitation by ensuring that no fluorescence was discernible in images acquired through the emission filter.
Baseline CCD images were acquired; then PC software triggered the electrostimulator (Grass S88) to (a) deliver electroshocks to foredigit 5 at 10 Hz for 2 s through a constant-current isolation unit or (b) deflect row I (AI El) vibrissae through 30° of arc at 4 Hz for 2 s via a motorized device. Simultaneously, a sequence of CCD images synchronized to ECG R waves and expiration was acquired. Images were written to RAM for 15 s. Image sequences were immediately transferred to networked UNIX workstations for concurrent analysis, while acqui sition was repeated (Narayan et aI., 1994a) . Results from nine trials were averaged to increase the signal-to-noise ratio (SNR) (Jane sick et aI., 1987).
Fluorescence mapping. Texas Red dextran with MW 70,000 (Molecular Probes) was subsequently adminis tered (50-75 mg/kg i. v. in physiological saline) over 2 h through a syringe pump. The cortex was epi-illuminated with intense 570-to 61O-nm light to excite the dye, and emission was imaged through a 660-nm filter in the cam era tube. Dye fluorescence outlined the vasculature, pre served the morphologic distinction between arteries and veins ( Fig. 1) , and provided excellent contrast with the parenchyma (dark). Fluorescence was sufficient to create bright CCD images with an exposure time of 200 ms (gain of 230 electrons per analog-to-digital unit).
We repeated this recording protocol to acquire images of fluorescence before, during, and after forelimb elec troshock and vibrissal deflection. Image analysis pro ceeded concurrently on UNIX workstations while acqui sition trials were repeated. Forelimb electroshock param eters were modulated depending on the fluorescence response and reduced until the stimulus-related propor tional fluorescence change was barely visible. This cor responded to a level 10% above background.
Image analysis
Optical images were analyzed by a pixel-by-pixel sub traction of (fluorescence) prestimulus from poststimulus images (the negative of that for reflectance images), fol lowed by a division by a prestimulated image, to normal ize for differences in resting fluorescence between sub- Vol. 15, No.5, 1995 FIG. 1. Digitized CCD image of Texas Red dextran fluores cence over exposed PMBSF cortex, through a 2.5x micro scope objective. Texas Red is confined to the vasculature, and so fluorescence activity relates to macro-and microvas cular elements. Ne , ural and other nonvascular elements on the cortical surface, bereft of dye, image black. LOW-level dye-i n dependent fluorescence theoretically occurs from na scent fluorophores, but we were unable to detect it (Omega Optical catalog, 1993) . Branches of the superior cerebral vein are thick and tortuous and branch laterally, while middle ce rebral artery branches are thinner, and more linear and branch medially (Welker, 1971) . Activity-related changes in regional blood volume cause fluorescence change that is evident after subtraction (and averaging). The image com prises 192 (W) x 144 (H) pixels over this 6 x 4.4-mm field, such that each pixel represents a 31 x 31-f.Lm region. Orien tation: top lateral, left anterior: scale bar = 1 mm. For ab breviations see the text.
jects and trials (Narayan et aI., 1994a) . These ratios rep resent proportional changes from baseline. Ratio images were then averaged across trials at each time epoch to increase the SNR (Janesick et aI., 1987) .
Electrophysiology
Quantitative single unit recordings were then recorded to determine the area of FL or PMBSF activated by the identical forelimb or vibrissal stimulation used to elicit fluorescence and reflectance maps. For the duration of recording, a constant anesthetic state was maintained by monitoring the electrocorticogram as well as the clinical state of the subject.
Single unit responses were recorded extracellularly with tungsten microelectrodes 0-3.7 Mil at 1 kHz; AM Systems) and amplified using conventional techniques de scribed previously (Lee et aI., 1992 (Lee et aI., , 1994 . Single units were discriminated by displaying the entire waveform on a digital oscilloscope (Nicolet 310; Tektronix), while a software amplitude-time discriminator (BrainWave WorkBench) was used as an event detector to isolate the desired waveform. The electrode was advanced into cor tical layers WIll using a precise stepping microdrive (Kopf Instruments) equipped with a digital counter. Re ceptive field measurements were made in layers WIll since neurons in infragranular layers have the largest re ceptive fields in S-I (Armstrong-James and Fox, 1987; Lee et aI., 1992) . Peristimulus time histograms (PSTHs) for single unit responses to forelimb electroshock or vibrissal deflections were stored on a computer and dis-played on-line for multiple sites inside and outside zones of optical change at 500-l.l.m intervals. We related the spa tial extent of fluorescence (and reflectance) change to sin gle unit recordings, recorded for up to \00 ms, using Adobe Photoshop (Santa Clara, CA, U.S.A.) on a Mac intosh computer.
For a cell discharge to qualify as a stimulus-evoked response during the response time period (2-100 ms after the onset of stimulus), a distinct mode with at least three spikes had to accumulate in the PSTH at single latency after 30 stimulus presentations. Our rationale for this cri terion was based on the low statistical probability of three random events occurring at a given time bin. A unit was defined as responsive if it had a statistically significant increase in the rate of firing during the response time when compared to an equal duration of prestimulus ac tivity. This method is similar to that reported previously in rat S-I (Armstrong-James and Fox, 1987) .
Off-line analysis of the data consisted of converting spike times to response magnitude expressed as spike per stimulation and response latency. The response latency was determined as the mode of the latency histogram plotting the frequency of the first spike during the re sponse period. Statistical significance was determined us ing a two-tailed t test at a confidence level of p < 0.05.
RESULTS
General results
Forelimb electroshocks above 0.5 rnA produced consistent, analogous changes in fluorescence and reflectance. After dye administration, electroshock or vibrissal deflection produced fluorescence in creases, comprising a delayed initial elliptical focus and a second signal localized to the parietal branch of the superior cerebral vein (Fig. 2) . Fluorescence proceeded to fall below baseline before resuming its prestimulated state (Figs. 3 and 4) .
Matched studies revealed optical intrinsic diffuse and macrovenous reflectance decreases in each Reflectance changes at 610 and 850 nm showed close spatial and temporal congruences with fluorescence after the original activation phase. Single unit electrophysiology confirmed that the diffuse fluorescence and reflectance changes overlay appropriate regions of S-I and foci over spilled center receptive field boundaries ( Fig. 6 ).
By interleaving experiments, our fluorescence and reflectance trials were separated by as little as 20 min. Trials where control analysis produced non zero differences were excluded from consideration and were generally associated with urethane dosage below 1.3-1.7 g/kg i.v.
Vascular fluorescence
Spatial mapping and magnitude. Two distinct fluorescence increase signals were seen (Fig. 2) . First was an elliptical diffuse zone. After 2.0 rnA foredigit 5 electroshock, its peak size was 2.0 x 1.5 mm, reducing to 1 x 1 mm.. after 0.5-mA stimula tion. After row l,vibrissal deflection, it had dimen sions from 2 x 3 mm (30° deflection) to 1 x 1.5 mm (10° deflection). In both regions a peak magnitude of 4 x 10-3 (of baseline intensity) was seen at the centers of mass. These points were determined us ing Adobe Photos hop and lay approximately at (+ 1, -3.5 mm) after foredigit 5 electroshock and at (-2.5, +5.5 mm) after row 1 vibrissal deflection. At the peak time point, fluorescence reduced to zero with distance from the epicenter, with no evi dence of surrounding negative polarity change. Flu orescence subsequently decayed at time points af ter peak.
The second component was a macrovenous sig nal that overlay the parietal branch of the superior cerebral vein, overlapping the diffuse signal. Unlike this diffuse component, its magnitude peaked sharply at 5 x 10-3 and decayed to baseline prox imally. After this fluorescence increase, signal com ponents in both stimulation groups exhibited a flu orescence decrease relative to baseline. This under shoot phase localized to the same region as the original signal and exhibited the same peak propor tional fluorescence change as a decrease from base line. A color-coded magnitude-time course mon tage of fluorescence and reflectance undershoots is shown in Fig. 3 . Since undershoots were not ob served in all animals, the full extent of these under shoots is not apparent in the mean signal magni tudes across subjects (Fig. 4) commenced 1-1.5 s after the onset of 2-s foredigit electroshock or vibrissal deflection, peaked at 2 s, and were extinguished by 3-3.5 s. The parietal ve nous signal was slightly delayed by comparison. Af ter these initial fluorescence increases, signals re sumed, then decreased relative to baseline. This phase was similar between regions and commenced at 3.5-4 s, peaked by 5-5.5 s, and finally returned to baseline by 7 s (Fig. 4) .
Reflectance signals
Spatial mapping and magnitude. Reflectance de crease signals were obtained after peripheral stim ulation (see Fig. 6 ) and were very similar across stimulation paradigms. First, there was an elliptical focus that developed, peaked, and decayed with time. After 0.5-mA foredigit electroshock, the focus was I mm in diameter, centered at ( + I, -3.7 mm) to bregma; after row 1 vibrissal deflection , the peak focus was I x 1.5 mm and was centered at ( -2.5, -5,5 mm). Peak magnitudes of 3.5 x 10-3 of base line reflectance occurred at these peaks. Reflec tance magnitude fell with distance from its center (Fig. 5) . The second component of the reflectance signal was a macrovenous component over the re gional parietal branch of the superior cerebral vein, Its peak magnitude was 4 x 10 -3 of baseline reflec tance, and it decayed in a distal to proximal direc tion. Reflectance increase (undershoots) were then exhibited in both components. Reflectance exhibited very similar spatial charac teristics to fluorescence (cf. Figs. 2 and 5 ). Further more, single unit recordings showed optical reflec tance to similarly overspill center receptive field boundaries by � 20%. As in fluorescence measure ments. both undershoot components were spatially similar to their parent signals (Fig. 3) .
Time course. The elliptical mapping component commenced 1-1.5 s after the onset of (2-s) foredigit electroshock or vibrissal deflection, peaked by 2-2.5 s, to extinguish by 4 s, and the venous signal was delayed. Reflectance undershoots lasted from 4 to 7 s after stimulus onset (see Fig. 3 ).
EJectroph ysiology
Single unit electrophysiology revealed spike ac tivity localiz.ed to putative FL or PMBSF. Cellular firing recorded up to 150 ms after vibrissal deflec tion was used to map layer III center receptive field boundaries. Surround receptive field activity was insignificant in our protocol, even with light seda tion. After foredigit electroshock, the center recep tive field had an approximate size of 900 x 900 !-Lm of cortex (Fig. 6 ). This relatively large map size reflects the light anesthetic state of our subjects and occupies an area of 2.54 mm 2 versus a fluorescence boundary area of 3.1 mm2. Fluorescence therefore overspilled initial activation boundaries by -23% at the stimulus intensity producing minimum detect able fluorescence.
Reflectance Change x 10 ·4 
DISCUSSION
We demonstrated increased CBV, measured as vascular fluorescence, over FL and PMBSF cortex after forelimb electroshock and vibrissal deflection in the rat. In both areas of cortex, regional fluores cence increased 1-1.5 s after stimulus onset and demonstrated maximal spatial extent by 2.5 s, with a peak fluorescence change of 0.4% (from original), before resuming baseline by 3-3.5 s. At their peak spatial extent, foredigit fluorescence centers of mass lay at (+ I, -4 mm) relative to bregma for forelimb and ( -3.2, + 5 mm) after vibrissal deflec tion. However, our smallest observable fluores cence foci overlay a wider cortical region than their center receptive field boundaries as measured with single unit recordings. We defined our fluorescence foci boundaries to include zones exhibiting at least J Cereb Blood FloI\' Metab. Vol. 15. No. 5. 1995 10% of maximum fluorescence change. Reflectance signals paralleled fluorescence in spatial extent and time course, though the direction (polarity) of re flectance change was inversely related to that of vascular fluorescence change (fluorescence in creases were associated with reflectance decreases, and vice versa).
Vascular fluorescence imaging
Fluorescence detection is based on the principle that illumination and imaging take place at nonover lapping wavelengths. Texas Red is a nontoxic large (MW 70,000) fluorescent dextran conjugate, subject neither to significant hepatic metabolism nor to re nal excretion (Molecular Probes, 1993) . Its large molecular weight confines it to the vasculature after intravenous administration; and by absorbing light at its excitation wavelength (578 nm) and reemitting it at nonoverlapping lower energy wavelengths (above 600 nm), it causes fluorescence (Fig. I) . Without dye the cortex therefore appears black. Certain physiological fluorophores do absorb and emit in these wavebands (LaManna et aI., 1987) , but this potential source of noise was undetected since we observed no fluorescence prior to dye ad ministration.
Dye fluorescence is proportional to dye concen tration (Riva et aI., 1978) and, after equilibration with plasma, to blood volume at constant hemato crit (Baker et aI., 1979) . However, hematocrit is lower in smaller vessels (Grubb et aI., 1974; , and so plasma fluorescence overrepresents the microvasculature at rest. Fur ther, hematocrit increases dramatically with activ ity-related flow (Grubb et aI., 1974) , from 0 to 30% in some microvessels (the Fahraeus effect) (Berec zki et aI., 1993) , such that plasma fluorescence un derrepresents functional change. Conversely, some evidence suggests that vasodilatation (after hyper capnia) lowers hematocrit through red cell realign ment into luminal centers, the inflow of interstitial fluid and capillary recruitment producing plasma skimming (Sakai et aI., 1985) . Qualitatively, there fore, plasma fluorescence and CBV vary together but are not directly proportional. In addition, the absorption of excitation or emission wavelength light by moieties exhibiting activity-related (or un predictable) accumulation prevents quantitative flu orescence analyses. For example, hemoglobin ac cumulates locally post stimulation (Jobsis, 1977) and absorbs light at 578 nm, thus reducing the intensity of light available for dye excitation and thereby spu riously underestimating fluorescence. While trends remain intact, such effects prevent the numerical interpretation of fluorescence intensity as plasma (dye) volume when comparing pre-and poststimu Ius states. Furthermore, cortical trauma during preparation might introduce additional errors since mechanical trauma, photochemical procedures, and fluorescent compounds all abnormally influence en dothelial vasoreactivity (Rosenblum, 1986; Haberl et ai., 1990; Marshall and Kontos, 1990) .
Spatial characteristics of CBV increase
Foredigit electroshock and single vibrissal deflec tion produced CBV increases, measured by plasma fluorescence and cortical reflectance signals, over a wider area than center receptive fields mapped by single unit recordings (Woolsey and Van der Loos, 1970; Welker, 1971) . This occurred despite the larger receptive fields and single unit boundaries already accompanying the light anesthesia in our protocol ( Fig. 6) (Friedberg et ai., 1995) . Further more, this overspill remained even after foci were spatially thresholded by excluding change below 10 % of peak. Stimulus-related increases in intravas cular fluorescence have been noted previously (Frostig et ai., 1990) , though their temporospatial characteristics and relationships with electrophysi ology or intrinsic signals were not described.
Several factors may account for our supra soma totopic foci. First, functional neurovascular cou pling in S-I remains uncertain. Though individual barrels or columnar units are supplied by individual penetrating arterioles and capillary plexus density is greater within PMBSF barrels than between them (Cox et ai., 1993) , functional dependencies between capillary plexus anatomy and functional vascular response remain ambiguous. Videomicroscopy of erythrocytes and latex beads in PMBSF suggested that CBF response is localized to active cortex. However, areas sampled for measurement in that elegant study were discrete, and electrophysiology was not performed (Cox et aI., 1993) . This makes neurovascular spatial relationships difficult to de termine. Further, because of greater dilatation in venous (capacitance) vessels, our measurements may be skewed toward representing venous out flow. However, emerging venules can drain blood from more than one barrel (Rovainen et ai., 1993) , which might reduce the neurovascular anatomic coupling precision in venous outflow and could ex plain larger maps.
Second, metabolic activity in lateral arbors of dendrites and axons might increase the regional size of vascular response, while not influencing single unit recordings, which predominantly measure cell body activity (Orbach et ai., 1985) . Evidence for the regional association of perfusion increases with metabolic activation comes from autoradiography (Greenberg et ai., 1979; Ringel et aI., 1991) and vid eo microscopy (Ngai et aI., 1988; Cox et ai., 1993) in the rat. Such metabolic activation need not neces sarily be limited to unit-activated neurons. Indeed, activity-related metabolism in the local astrocyte population is also met by local perfusion. Further more, putative neurovascular couplers include ni tric oxide (NO). This substance (endothelium derived relaxing factor) (Abrams, 1992) causes di rect vasodilatation and is freely diffusible, albeit short-lived (Northington et ai., 1992) .
Third, since perfusional increases occur seconds after stimulus onset, it may be misleading to com pare fluorescence to immediate electrophysiology. Beyond its initial phase, the boundaries of electro physiologic activity expand, encompassing sur round receptive fields to occupy a wider cortical zone (Armstrong-James et ai., 1992). From previ ous studies, cortical functional units may be delin eated within ,20 ms aft e r vibrissal deflection (Welker, 197 1) . Activity then spreads to superja cent and subjacent layers, then to surrounding layer IV regions (Chapin, 1986; Armstrong-James et ai., 1992) . After 20 ms electrophysiologically active re gions encompassed a 900-jJ-m di � meter circle. Spa tially, this corresponds more closely with our area of CBV increase, but we found the spiking activity of this surround receptive field to be small com pared with that in the center receptive field, even with our light anesthesia (Fig. 6) . Whether low elec trophysiologic activity in this surround receptive field would lead to correspondingly small vascular responses or whether it would be sufficient to ex plain our overs pill requires further investigation.
Fourth, neurovascular coupling is profoundly in fluenced by anesthetic state (Lindauer et ai., 1993) . Lighter sedation increases electrophysiologic activ ity and receptive field size (Chapin, 1986) , and ure thane is associated with greater vascular responses than agents such as barbiturates (Lindauer et ai., 1993) . Although our electrophysiological measure ments were consistent with previous observations (Armstrong-James et ai., 1992) and our optical re sults show similar magnitude to intrinsic optical sig nals using barbiturates (Masino et aI., 1993) and other agents (Grinvald et aI., 199 1) , the cumulative effects of deepening anesthesia during electrophys iology might explain the mapping differences.
Finally, optical measurements and electrophysi ology record from different cerebral depths, which could affect the spatial mapping projections of these measurements at the cortical surface. Electrophys iology was recorded from within layer III, which lies at a depth of � 350 jJ-m (Armstrong-J ames et aI., 1992). Optical reflectance, in contrast, integrates in-formation over a depth of 500 fLm, though integra tion depth may be shallower for fluorescence after short-wavelength (less penetrating) 578-nm excita tion. Each method therefore measures different cor tical volumes. Furthermore, the depth of focus of our optics integrates vascular information over su perficial cortex. Diameter increases in out-of-focu s vessels tend to be overestimated (A vinash et ai., 1993) , which would enlarge the apparent spatial size and magnitude of our mapping foci. However, this may be a small source of error.
Morphology of CBY increases
The morphology of our diffuse CBY increase is consistent with previous work. Ngai et ai. (1988) found that the smallest vessels demonstrate the largest proportional vasodilatation. Discrete changes in these smallest vessels would be unde tectable with our pixel resolution of 31 fLm. Rather, such dilatation in many vessels summed across a plexus would appear diffuse. Furthermore, our measurements integrate vascular information up to 500 fLm of cortex (Razlaff and Grinvald, 199 1) , which will blur information from out-of-focus ves sels (Avinash et ai., 1993) . Plasma fluorescence is also biased toward representing smaller vessels with lower hematocrits , further predisposing the detection of diffuse foci. The delayed macro vascular component may repre sent the final outflow for functionally increased CBY from active S-I. Optical signals consistently appear over the vein principally draining active cor tex (Narayan et ai., 1994b) and therefore may be an indirect marker of diffuse functional vascular change.
Time course of CBY increases
Consistent with previous observations (Arm strong-James and Millar, 1979) , we measured in creased CBY, indicated by plasma fluorescence, rising at 1 s and peaking at 2.5 s, after the onset of stimulation, though we see neuronal spiking within 20 ms. Using videomicroscopy, Ngai et ai. (1988) recorded CBY increases after 2 s, peaking at 7 s after 20-s duration peripheral nerve electroshock. Similarly, spectrophotometric absorption at the isosbestic point for hemoglobin, indicating CBY rather than oximetry, rises after 2 s and peaks at 5 s after electroshock to rat parietal cortex (LaManna et ai., 1987) . Corroborative evidence is also pro vided by the T2 signal of magnetic resonance imag ing, indicating CBY increases 5 s after the onset of (prolonged) photic stimulation in human visual cor tex (Belliveau et ai., 1991) , and by near-infrared spectroscopy (Kato et ai., 1993) . However, the ex act time course of these changes is sensitive to the J Cereb Blood Flow Melab, Vol. 15, No. 5, 1995 degree of anesthesia and to the anesthetic agent used (Lindauer et ai., 1993) , making exact compar isons inappropriate.
Perfusion delays may be related to the cerebral vascular transit time (Rovainen et ai., 1993) . De pending on anesthesia and experimental protocol, this has been measured as 1-5 s by C l5 0 hemoglo bin (Grubb et ai., 1974) , 2 s with red cells (Wei et ai., 1993) , and 0.5 s with erythrocytes and ana logues (Rovainen et ai., 1993) . Red cell transit time is shorter than for plasma (0.76 times as long) (Rovainen et ai., 1993) in brain (Oldendorf et ai., 1965; Grubb et ai., 1974) and other organs (Baker et ai., 1979) since red cells flow along luminal centers (Rovainen et ai., 1993) . One might therefore expect our plasma fluorescence changes to lag behind red cell measurements by a factor of 1.32 (1/0.76). How ever, there are significant differences between pro tocols, including stimulus duration and anesthesia, comp�red with those of LaManna et ai. (1987), Ngai et al. (1988) , and Cox et ai. (1993) .
Intrinsic optical signals and perfusion
Plasma fluorescence and reflectance signals show striking correspondence in their spatial extent, tim ing, magnitude, and polarity changes (cf. Fig. 2 and 5) in all our experiments, suggesting a relationship between their biologic bases.
We therefore feel that intrinsic optical signals are predominantly related to functional changes in per fusion. Evidence for this theory is compelling. First, intrinsic signals are functional and yet spa tially overspill electrophysiologically active cortex (Figs. 2 and 6) (Grinvald et ai., 1986; Narayan et ai., 1994a) . Second, they follow a delayed and pro longed time course relative to electrophysiology (Grinvald et ai., 1986; Frostig et ai., 1990; Narayan et ai., 1994a) . This time course is similar to that reported for CBY ( Fig. 4) (LaManna et ai., 1987; Ngai et ai., 1988; Belliveau et ai., 1991) and CBF (Ogawa et ai., 1992; Cox et ai., 1993; Lindauer et ai., 1993) . Third, their spatial extent, timing, and polarity characteristics, from this and previous studies (Frostig et ai., 1990; Narayan et ai., 1994a) , show a striking correspondence with plasma fluo rescence (Figs. 2, 3, and 5) . Fourth, they clearly include a similarly timed, morphologically vascular functional component. Of the many putative optical intrinsic signal etiologies (Cohen, 1973) , vascular change is most consistent with these observations.
Light scattering associated with CBY changes may significantly contribute to intrinsic signals. First, intrinsic signals exhibit similar time course, spatial location, and (vascular) morphology across a broad range of wavelengths (Narayan et ai., 1994a) .
Second, intrinsic signals exhibit the same order of magnitude (10-3 ) across this waveband (Narayan et ai., 1994a,b) . This could be explained by scatter, with remaining interwavelength differences result ing from superimposed absorptive changes. Third, reflectance change at 605 nm indicates primarily ox imetry (LaManna et ai., 1987) , yet 61O-nm signals are similar to those at 550 and 850 nm (Narayan et ai., 1994a) , which do not. Therefore, either func tional oximetric change has similar temporospatial distribution to CBV in our studies, or our signals do not significantly indicate oximetry. Venous oximet ric increases (Fox et ai., 1986a ) provide a measure of the rate of delivery of fresh blood (CBF). Fifth, in vitro observations indicate that light scattering pre dominates over absorption in whole blood under physiologic conditions, and light scattering indi cates CBV rather than CBF (Kashima et ai., 1992) . Photon diffusion equations, which include scatter ing components, model light transmission better than the Beer-Lambert law, which is based on ab sorptive cross-sections (Johnson, 1970; Schmitt, 1991; Shepherd, 1986a,b. 1987a.b) .
Possible sources of vascular scattering
Culpable vascular scatterers include erythro cytes, the primary scatterer in whole blood (Zdro jkowski and Pisharoty, 1970) , and colloidal plasma (Cohen, 1973) , whose volume is indicated by dye fluorescence but is a less significant scatterer (Steinke and Shepherd, 1986a • b) . Erythrocytic scattering is caused by differences in the refractive indexes of (parcellated) hemoglobin versus plasma and affects 100 times more photons in an incident flux than does hemoglobin absorption (Steinke and Shepherd, 1987a) . Scattering from erythrocytes and other factors imparts a Doppler shift on scattered photons (Kashima et ai., 1992) . It may therefore be inferred that the number (intensity) of scattered photons is related to the number of scattering ele ments. This is related to CBV. On the other hand, increased CBF will increase the Doppler shift on photons that are already subject to scattering. It will not influence the proportion of photons scattered until flow reaches a velocity when viscous shearing causes erythrocytic distortion with concomitant al terations in scattering.
Undershoots
After activation, CBV measured by plasma fluo rescence and reflectance signals exhibited opposite phase changes (fluorescence decrease or reflec tance increase). These undershoots localized to the same regions as the original phase signals and ex hibited similar morphologies. This may indicate a reversal of those vascular processes causing the original phase activation signals, such as poststim ulus compensatory CBV reductions (possibly from vasoconstriction). Analysis of the timing of single unit spiking (see Fig. 6 ) indicated that these re sponses were not associated with electrophysio logic activity above baseline.
Poststimulation reductions in perfusion have been recorded previously by in vivo hemoglobin spectrophotometry (LaManna et ai., 1987) and ar teriolar diameter videomicroscopy (N gai et ai., 1988) . Poststimulus CBF reductions have also been observed using hydrogen clearance (Dowling et ai., 1993) and Doppler flow (Lindauer et ai., 1993) . Hu man work corroborates these data, and poststimu lation reductions have been determined in humans after visual activation using transcranial Doppler sonography (Conrad and Klingelhofer, 1989 ) and near-infrared spectroscopy (Kato et ai., 1993) . In trinsic signal undershoots have also been reported previously (Grinvald et ai., 1986) , though they were not spatially or temporally characterized specifi cally.
CONCLUSIONS
We have demonstrated activity-related increases in regional CBV over FL and PMBSF after forepaw electroshock and vibrissal deflection, using plasma fluorescence. Vascular response exhibits a delayed time course commencing 1-1.5 s after stimulus on set, and our smallest detectable responses over spilled electrophysiologically active cortex by �20%. Intrinsic reflectance mapping revealed sim ilarly localized and timed reflectance changes that, together with their wavelength characteristics, strongly suggest that intrinsic optical reflectance signals indicate CBV. Postactivation fluorescence and reflectance undershoots were also seen and represent local CBV reductions, though their signif icance is uncertain. Finally, those stimulation inten sities required to produce minimal fluorescence change were associated with significant neuronal spiking.
